The level scheme of the compound 153 Sm nucleus formed via the 152 Sm(n th ,γ) reaction is studied by using the γ − γ coincidence spectrometer at Dalat Nuclear Research Institute, Vietnam. All the gamma cascades, which correspond to the decays from the compound state to 12 final levels of 0 these new cumulative curves and those extracted from the nuclear level density (NLD) data, which are obtained by using the Oslo method, shows that the maximum excitation energy E max , defined as the energy threshold below which most of the excited levels are observed, is extended to about 1.2 and 1.8 MeV for the total and partial NLD data, respectively. These values of E max are higher than those obtained by using the present ENSDF data, which are around 1 MeV. The new cumulative curves have also been compared with different phenomenological and microscopic NLD models and the recent exact pairing plus independent-particle model at finite temperature (EP+IPM), in which no fitting parameter has been employed, is found to be the best fitted one. The present findings are very important as they will provide the updated information on the nuclear level structure and make a step forward to the completed level schemes of excited compound nuclei. *
I. INTRODUCTION
The energy-level properties of excited nuclei (called the nuclear level scheme), which include the level energies, spins, parities, and gamma-rays associated with the excited levels, are important for the study of nuclear structure physics, nuclear reactions, and nuclear astrophysics. The level schemes of nuclei in the mass region A ∼ 150 ÷ 154 are of particular interest because the nuclear deformation in this region was predicted to change drastically with only slight variations of A [1, 2] . Nuclei in this mass region are also called transitional nuclei. For example, 150 Sm and 152 Sm have very different level schemes as the former has the vibrational/quasi-vibrational characteristics, whereas the latter follows the rotational ones [3] . Similarly, the level spectrum of 152 Sm shows both rotational and vibrational behaviors, whereas that of 154 Sm exhibits the strong rotational properties, indicating that this nucleus is strongly deformed [4] . Moreover, two odd nuclei, 151 Sm and 153 Sm, which fall, respectively, between the two sets ( 150 Sm, 152 Sm) and ( 152 Sm, 154 Sm) are expected to be affected by the interplay between the rotational and vibrational bands [5] . Therefore, the level schemes of 151,153 Sm odd nuclei have been an interesting subject of many experimental and theoretical studies. The present paper focuses on the experimental study of the level scheme of 153 Sm by using thermal neutron-capture reaction.
The level scheme of 153 Sm has been studied by using different nuclear reactions and techniques [6] and all the experimental data have been compiled in the ENSDF library [7] .
For instance, the level scheme of 153 Sm at the low-energy(spin) region (below 1.53 MeV) was studied by using the β − decay of 153 Pm as well as the decay from the isomeric state of 153 Sm to its ground state [8] [9] [10] [11] . These experiments detected in total 25 excited levels, 17 of which have the unique spin values within the interval of [ , 3 2 ] . Indeed, by using the above technique, we have successfully studied the updated level scheme of 172 Yb via 171 Yb(n th , γ) reaction [23] . In particular, we have detected in the level scheme of 172 Yb several new excited levels and the corresponding gamma transitions, whose data do not currently exist in the ENSDF library, especially in the intermediate energy region from 3 to 5 MeV.
The goal of the present paper is to update the level scheme of 153 Sm via the (n th , γ)
reaction by using the γ − γ coincidence technique. ] , respectively. In addition, by combining our newly updated levels with those presently existed in the ENSDF library, we are able to construct the new total and partial (within spin range of [
, 3 2 ] ) cumulative numbers of discrete levels, which are latter used to test the predictive power of various nuclear level density (NLD) models. At the same time, these new cumulative curves have also been compared with those extracted from the NLD data obtained by using the Oslo method [24] .
II. EXPERIMENTAL METHOD
The 152 Sm(n th , γ) reaction was carried out at Dalat Nuclear Research Institute (Vietnam) using the thermal neutron beam from the tangential channel of Dalat Nuclear Research
Reactor. The thermal neutron beam, which was obtained by using the filtered technique, has the size and flux at the irradiated position to be equal to 2.5 cm and 1.7 × 10 5 n.cm
respectively. This beam configuration is sufficient for the present experiment as discussed e.g., in Ref. [23] . The experimental setup and measurement using the γ − γ coincidence spectrometer with two HPGe detectors are the same as those presented in Ref. [23] (except the target nucleus), so we do not repeat them here.
The target nucleus 152 Sm is in the form of a 583 mg Sm 2 O 3 powder. This target, which was put in a plastic bag, was then measured at the center of the thermal neutron beam during approximately 661 hours. The isotopic content of the target, which is provided by the JSC Isotope Supplier with the quality certificate being given under the Contract No.
704/08625142/25/30-16, together with the thermal neutron-capture cross sections (σ th ) of all the isotopic components [25] are given in Table I . The most instructive part of the summation spectrum of 153 Sm is shown in Fig. 1 Thus, the overlapped region can be easily identified if the gating window is divided into two regions. The first region is set between the lines (1) and (2) corresponding, respectively, to the head-tail and maximum positions of first Gaussian. The second region is chosen between the lines (3) and (4), which correspond to the maximum and end-tail positions of the second Gaussian, respectively. Once the overlapped region is identified (see the overlapped area in Fig. 2 ), its contribution can be easily reduced from the TSC spectrum. As a result, the contribution of the overlapped regions to the obtained TSC spectra is found to be less than 5%. However, it should be noted that the above approach can not be applied if energies of the overlapped peaks are notably close to each others, namely the different between energies of two peaks is smaller than 0.8 FWHM (Full Width at Half Maximum), e.g. the following pairs of final levels (126.412, 127.298) keV and (404.129, 405.470) keV.
All the measured TSC spectra are shown in Fig. 3 . Due to the low statistics, the TSC spectra corresponding to the following final levels 276.713, 356.686, 362.286, and 450.050 keV have not been analyzed yet. Despite the energy resolutions of the two HPGe detectors used in the present experiment are slightly different, the obtained TSC spectra are mirror symmetry because an algorithm for improving the digital resolution [27] has been applied.
The vicinity regions around each summation peak are gated to create a corresponding back-ground spectrum. The latter is then subtracted from the spectrum obtained from the gating of the peak region, thus leading to some negative values in the TSC spectra in Fig. 3. A pair of peaks, which are symmetric within a TSC spectrum, represents a gamma cascade. The peak positions and areas correspond to the transition energies and intensities, respectively. In order to construct the nuclear level scheme, we assume that the gamma transitions, which appear in more than one TSC spectrum, are considered to be the primary transitions. In addition, a transition is also considered as primary if it is currently determined as primary in the ENSDF library [7] .
As for the spin of the levels, the possible spins of an observed intermediate level are often evaluated by using the following formula
where J i , J, and J f are spins of the initial, intermediate, and final levels, respectively, whereas L is the multipolarity. Within the present work, we assume that all the observed transitions are dipole (L = 1). This assumption is made because the probability of detecting the dipole transition is much higher than that of the quadrupole (L = 2) [28] .
III. RESULTS AND DISCUSSION
A. Level scheme of 153 Sm
We have identified in total 576 gamma transitions corresponding to 386 gamma cascades, which are associated with the decays from the compound state to the ground state and 11 final levels (see Table II ). The latter are 7.535 ( 5506.4 keV transition has solely found in Ref. [1] , whereas that of 5861.4 keV has only detected in the form of a doublet with the strong transition of 5868.4 keV in Refs. [1, 5, 21] , which has not been reproduced within the framework of (n, γ) experiment with 2-keV neutron [17] . In particular, the 153 Sm level scheme obtained within the present work agrees well with that obtained within the previous studies using the same 152 Sm(n th , γ) reaction [1, 5, 17, 21] .
For the energy region below 5300 keV, which is the maximum gamma energy that can be detected within the present experiment (because the energy threshold of detectors were set to be around 520 keV), we have reproduced 19 over 24 primary transitions that were previously reported in Refs. [1, 5, 17, 21] . Among the 5 unreproduced transitions, 2 transitions, whose energies are 5220.4 and 5283.9 keV, were reported in Ref. [5] , whereas 2 transitions with the energies of 4850 and 4864.0 keV were detected in Ref. [1] . These transitions were found very long time ago and have not been reproduced by other experiments. The remain 4505.6
keV transition was reported with a slightly different energy of 4506.6 ± 1.0 keV in Ref. [21] or 4505.8 ± 0.4 keV in Ref. [5] , or 4506.5 ± 0.6 keV in Ref. [1] . This 4505.6 keV transition might be therefore the same as the 4507.4 ± 0.4 keV transition observed within the present work as well as the 4507.41 keV transition obtained from the (n, γ) experiment with the 2-keV neutron source in Ref. [17] . In general, we have reproduced 22 over 26 levels that were reported by the previous (n th , γ) experiments within the excitation energy above 600 keV in Refs. [1, 5, 17, 21] .
The result of the 153 Sm level scheme obtained within the present work also agrees well with the neutron capture experiment using 2-keV neutron source, namely 22 over 24 primary transitions within the gamma energy of 520 to 5300 keV and 23 over 29 levels within the excitation energy region of 600 to 2000 keV reported in Ref. [17] have been replicated within the present experiment. Among the remain unreproduced levels, 4 levels, whose energies are 1675.8, 1723.5, 1737.5, and 1751.4 keV, have been determined in Ref. [17] without any populating gamma transitions. In addition, all the levels reported in Ref. [17] with the assigned spins of are fully in agreement with those deduced from the present study.
Furthermore, our data also go along with those obtained within the ion-induced experiments, in particular the [17, 18] , and 154 (d, t) [5, 16, 17] reactions. Below 2000 keV, 24 excited levels found in the present work are supported by at least one of the experiments employing the ion-induced reactions. Similarly, 44 excited levels found within the present experiment agree with those extracted from the ion-induced reactions within their uncertainties (see the excited levels with the superscript denotation "e" in Table II ). It should be noted here that the uncertainties of the data obtained within the ion-induced experiments are often in the range of 8 to 18 keV, which are much larger than those obtained within the present work. Therefore, we consider that two levels are the same only if their discrepancy is less than 1.5 keV, that is, if a level deduced from the present experiment agrees with that deduced from the ion-induced experiments but the discrepancy between the two levels is larger than 1.5 keV, it is considered as the new level. 
630.4 3 5039 327 0 ( ENSDF: data taken from the ENSDF library [6] . J i : tentative spin (in ) of the corresponding level.
Throughout the table, the uncertainty for numeric values is given next to the corresponding value (in the italic type) and referred to the last digits of the value, e.g. 12.1 23 means
The experimental data within the present work, which agree with those existed in the ENSDF library, are highlighted in the bold type. 
a data taken from the (n, γ) with thermal and 2-keV neutron datasets in Ref. [6] .
b data taken from the Adopted Level dataset in Ref. [6] .
c unresolved final levels: 126.412 ( that the superscript denotation "e" is not marked if the discrepancy between the observed level and that presented in the ENSDF library is less than 1.5 keV.
f the values of the 630.20 keV level and its spin are taken from the (n, γ) experiments.
g the spin value of 1 2 was assigned to the 695.80 keV level in the ENSDF library based on the strong supports from the l-transfer and vector analyzing power in the (d, t) particletransfer reaction, whereas the present work suggests a different spin value, namely j the observed levels of 2494.7 10 and 2497.1 9 keV both agree with the 2496.6 12 keV state within their experimental uncertainties. Thus, there is a possibility that these three levels are all the same.
x the gamma cascades, which we are not able to identify as the primary transitions within the present work. Table II presents the absolute intensities normalized to 10 6 captures together with the statistical uncertainties of all 386 measured cascades. The normalization factor is determined based on the absolute intensities of 4697.2 and 5117.8 keV primary transitions (i.e., the 4697.4 and 5118.3 keV transitions within the present work) taken from the ENSDF data [6] together with their branching ratios. The latter are determined from the gating spectrum of the primary transitions mentioned above. Since the energy threshold of the present experiment is 520 keV, we are not able to identify the branches, whose energy of the secondary transition is less than 520 keV. Therefore, our cascade intensities may contain a certain systematic error.
In general, the present experiment reproduces most of the ENSDF data obtained from the neutron capture and ion-induced reactions. This consistency obviously proves the reliability of the data obtained within the present study.
Thanks to the coincidence technique, the influence of 150 Sm on the spectroscopic information of 153 Sm, which limits the number of data obtained from the neutron-capture experiment using the conventional HPGe detector [1, 5, 21] , has been considerably reduced within the present experiment. This technique also reduces the peak overlaps, which are immensely common in analyzing the conventional prompt gamma spectra, especially for nuclei with the complicated level scheme such as in the case of 153 Sm. The reason is that the coincidence technique is able to detect only the intermediate level in a narrow spin range from J i − 1 to J i + 1 (J i is the spin of the compound state) and the detected gamma transitions are distributed to the multiple TSC spectra. As a result, we are able to detect more important information on the level scheme of 153 Sm, which have not currently existed in the ENSDF library.
B. Cumulative number of levels
Experimental cumulative number of levels
Since several new energy levels have been detected within the present experiment, we are able to construct the total and partial cumulative numbers of levels, which are, by definition, the numbers of excited levels fall within the specific energy and spin ranges.
These cumulative numbers are constructed by combining the adopted levels taken from the ENSDF [6] with those obtained within the present work (Table II) . For the latter, however, there are unassigned intermediate levels corresponding to 87 gamma cascades as shown in Table II with the superscript denotation "x". Therefore, we have constructed two cumulative curves denoted by "This work 1" and "This work 2" (see Fig. 4 ). "This work 1" is created by assuming that the gamma transitions in each of 87 cascades with the higher energies are considered as the primary transitions, whereas those with lower energies correspond to the secondary ones. "This work 2" is generated by using the opposite assumption, namely the gamma transitions with lower (higher) energies are considered as the primary (secondary) ones. It is obvious that "This work 1" is always higher than "This work 2", regardless of their total or partial cumulative curves because "This work 1" contains the primary gamma transitions, whose energies are higher than those in "This work 2" (Fig. 4) . Here, it should be noted that the assumption for "This work 1" should be much more reliable than that for "This work 2" because within the two-step cascades, one often observes the primary transition, whose energy is higher than that of the secondary one (see e.g. the data reported in the ENSDF library [7] ). Consequently, the real cumulative curve should probably be very close to "This work 1".
The total and partial cumulative numbers of levels within the present work are also compared with those obtained by using the NLD data in Ref. [29] . The total cumulative curve in this case is calculated by using the conventional formula [30] where ρ(E) is the experimental NLD taken from Ref. [29] . As for the partial cumulative curve for the spin range J = [ ] , it should be calculated using the same Eq. (2) but the J-dependent NLD ρ(E, J) must be used instead of the total NLD ρ(E). However, there exists in literature only the total NLD extracted by using the Oslo method ρ(E) in Ref. [29] .
The latter was extracted from the gamma spectra of the 154 Sm(p, dγ) 153 Sm reaction, which were later normalized using the discrete levels taken from the ENSDF library [7] as well as the NLD data at the neutron binding energy (see e.g., Fig. 3 of Ref. [29] ). Therefore, in order to estimate the ρ(E, J) values, we have manually multiplied ρ(E) with a factor, which is determined as the ratio between the number of levels with spins J = and the total number of levels existed in the ENSDF library [6] . This factor is found to be about 0.27 for 153 Sm. The obtained ρ(E, J) is then used to calculate the partial cumulative curve
] . For the sake of simplicity, the corresponding results, namely the total and partial cumulative curves estimated using the NLD data in Ref. [29] , are called ] , which has been increased up to about 1.8 MeV (Fig. 4(b) ). It is evident that the NLD calculated by counting the numbers of discrete levels has been widely considered as the most reliable data, which are often used for the normalization of the experimentally extracted data [24] as well as different NLD model calculations [31, 32] . However, the present ENSDF library provides the reliable NLD up to about 1 MeV only. By including our new data, we are able to obtain, for the first time, the reliable NLD data up to about 1. CT with parameters from [34] BSFG with parameters from [34] BSFG CT with parameters from [34] BSFG with parameters from [34] BSFG fitted to This work 1
FIG. 6. (Color online)
Comparison between the experimental total (a) and partial (b) cumulative numbers of levels and those predicted by two phenomenological NLD models.
Comparison with theoretical models
The cumulative number of levels is very helpful for verifying the predictive power of the NLD models. In Fig. 6 , we compare our experimental cumulative curve (This work 1) with two phenomenological NLD models, namely the back-shifted Fermi gas (BSFG) and constant temperature (CT). The functional forms of these two models are taken from Ref. [33] , that is
where σ CT = 0.98A 0.29 and σ BSF G = 0.0146A
are the spin cut-off parameters with E 1 and a being the back-shifted energy and level density parameters, respectively.
Two parameters E 0 and T in Eq. (3) are the energy shift and constant temperature, whereas the function f (J) in Eq. (5) is the conventional spin distribution of the NLD [30] . The free parameters a, E 1 , E 0 , and T of the BSFG and CT are often adjusted to fit the total cumulative number of levels as well as the NLD determined from the experimentally averaged neutron-resonance spacing data (D 0 value) [34] . The values of these free parameters taken from Ref. [34] (see also Table III) were used to calculate ρ CT (E), ρ BSF G (E), ρ CT (E, J), and
] as in the ENSDF library [6] . Consequently, while the CT model describes well the experimental J-dependent cumulative curve, it is unable to describe the total one. For the BSFG model with the free parameters taken from the same Ref. [34] , it completely fails to describe both the total and J-dependent experimental cumulative curves (see Fig. 6 ). The above results of the CT and BSFG models clearly demonstrate that the prediction of the phenomenological NLD models depends strongly on the values of their free parameters. For instance, by refitting the results of the BSFG model to our total and J-dependent experimental cumulative data, we obtain the different sets of free parameters as reported in Table III . To obtain a reliable predicting power, one should therefore use the microscopic NLD models instead of the phenomenological ones. Within the present paper, three microscopic NLD models have been selected, namely the Hartree-Fock BCS (HFBCS) [31] , the Hartree-Fock-Bogoliubov plus combinatorial method (HFBC) for the positive (HFBC π + ) and negative (HFBC π − ) parities [32] , and the recent exact pairing plus independent-particle model at finite temperature (EP+IPM) [35] . The HFBCS and HFBC data are accessible from RIPL-2 [36] and RIPL-3 [37], respectively. These models have been considered to be the most up-to-date microscopic theoretical models for the NLD. Figure 7 shows the total NLD ρ(E) obtained within the HFBCS, HFBC, and EP+IPM in comparison with the experimental data. This figure indicates that while the HFBCS agrees with the experimental data only in the very low-energy region (below 0.5 MeV), both the HFBC and EP+IPM offer a good fit to the measured data. Moreover, the HFBC can not describe the data below 0.5 MeV, whereas the EP+IPM, in general, agrees with both low-and high-energy data. Consequently, one can easily see in Fig. 8 that only the EP+IPM can describe both the experimental total and partial cumulative curves. This result of EP+IPM does not go beyond our expectation because this model has successfully been used to describe the NLD data of not only hot 170−172 Yb [35] and 60−62 Ni [38] nuclei but also several hot rotating A ∼ 200 isotopes [39] . In addition, the EP+IPM does not use any fitting parameters as discussed in Refs. [35, 39, 40] , whereas the HFBCS and HFBC often employ some fitting parameters (see e.g., Eqs. (17) and (18) of Ref. [31] or Eq. (25) of Ref.
[32]) to the experimental total cumulative data at low energy and the D 0 value at energy E = B n . The above results, once again, confirm the microscopic nature and universality of the EP+IPM NLD model proposed in Ref. [35] . In other words, the presently updated data provide a good test for both phenomenological and microscopic NLD models. [29] (estimated data).
IV. CONCLUSION
The present paper studies the excited levels of 153 Sm nucleus populated in the thermal neutron-capture reaction using the γ − γ coincidence technique and high resolution HPGe detectors. The coincidence technique together with the highly enriched target for 152 Sm isotope allow us to significantly eliminate the influence of 150 Sm excited nucleus in the observed gamma spectrum. In addition, the statistics of the measured data are rather high within the framework of coincident measurements. As a result, we are able to detect many new energy levels and their corresponding gamma transitions, namely 74 primary gamma transitions, 61 intermediate levels, and 291 secondary transitions. The tentative spin value of 53 observed levels is found to be 3 2 , whereas the remain levels are tentatively adopted to be in the spin range of [ ] .
By combining the updated energy levels with those obtained from the ENSDF library, we have constructed the new total and partial (within the spin range of [ ] ) NLD data, respectively. These values of E max are higher than the corresponding values obtained by using the data presently existed in the ENSDF library. Moreover, the newly constructed cumulative curves also agree well with the recent microscopic exact pairing plus independent-particle model at finite temperature in which no fitting parameter has been employed.
All the results obtained within the present work are important as they will provide the updated information on the nuclear level structure and make a step forward to the completed level schemes of excited compound nuclei. 
